Pancreatic cancer is the fourth leading cause of cancer death, and an estimated 53,070 adults in the United States will be diagnosed with pancreatic cancer in 2016[@b1]. Among them, 80% are inoperable, owing to disease progression or comorbidities. Since 70% to 85% of patients have tumors involving the head of the pancreas, obstructive jaundice is the common initial presentation. The standard care for the palliation of obstructive jaundice is endoscopic biliary drainage using plastic or metal stents[@b2]. However, plastic endoprostheses require changing at 3 to 6 months because of occlusion and a return of jaundice, fever, and discomfort. To prolong stent patency and for reasons of cost-effectiveness in unresectable malignant biliary obstruction, self-expandable metal stents (SEMSs), which have a large bore (up to 10 mm diameter), are preferred over plastic stents (up to 3.3 mm diameter)[@b3][@b4][@b5]. Covered SEMSs have been developed to prevent tumor ingrowth or tissue hyperplasia through the wire mesh, which is a frequent adverse event in uncovered SEMSs. Three commercially available biliary metal stent covering materials are e-PTFE (expanded polytetrafluoroethylene), silicone, and polyurethane[@b6]. Of these, silicone has less biofilm formation than e-PTFE and is more durable than polyurethane[@b6]. Therefore, silicone-covered SEMSs are most frequently used. Silicone-covered SEMSs with anti-migration properties improved patency duration without increasing complications, compared with uncovered SEMSs for distal biliary obstruction due to pancreas carcinomas in a randomized multicenter trial[@b7]. However, stent occlusion in silicone-covered SEMSs can be also caused by biliary sludge, stone formation, or stent clogging owing to bacterial adherence and subsequent biofilm formation on the inner surface of the covered membrane in a stent[@b7][@b8][@b9][@b10][@b11].

A biofilm is a group of microorganisms adherent to one another on a surface. Biofilm formation occurs when free-floating microorganisms attach to a surface. They secrete extracellular polymeric substances that provide a structural matrix and facilitate adhesion[@b12]. Stent blockage affects all types of covered metal stents in current use, and management of this problem requires exchange of the blocked stent on a regular basis---or reinsertion---resulting in increased cost and decreased quality of life[@b3]. Therefore, the development of a new cover material that minimizes sludge and biofilm formation may be required for longer stent patency[@b7].

To prevent biofilm formation on biliary stents, several *in vitro* and *in vivo* animal studies have reported the bactericidal efficacy of silver-coated plastic stents due to the release of silver ions, which suggested prolonged stent patency, but the clinical efficacy has not been evaluated[@b13][@b14][@b15][@b16][@b17]. Recently, the concept of using silver nanoparticles (AgNPs) as an antimicrobial agent in a plastic stent has been studied[@b18][@b19]. In malignant biliary obstruction, covered SEMS is the standard treatment, and the role of the plastic stent has been limited owing to the prolonged stent patency of a covered SEMS compared to that of a plastic stent[@b3]. Theoretically, SEMSs covered with silver may have more prolonged stent patency in terms of the prevention of sludge and biofilm formation. However, a preliminary experiment indicated that it is very difficult to coat a AgNP complex on both the external layer and the inner layer of metal stents[@b17].

Colloidal AgNPs tend to form aggregates in the aqueous phase, which gradually diminish their antibacterial efficacy in long-term use. Hence, immobilization of nanoparticles on a surface may be crucial for the durable efficacy of antibacterial function[@b20][@b21][@b22]. In general, the mode of antibacterial mechanism of AgNPs is attributed to the release of silver ions, which may rupture the cell wall, cause protein denaturation, block cell respiration, and finally cause microbial death[@b19]. Recently, surface immobilized AgNPs with a contact killing mechanism showed greater efficacy for antibacterial function than colloidal AgNPs, as well as a higher concentration of silver ions in solution[@b18][@b19][@b22]. Because colloidal AgNPs were found to be sequestered inside the cells and were not accessible to the other cells, bactericidal kinetics may be slower than for the immobilized AgNP with direct contact killing of bacteria[@b19]. Although the immobilization process of AgNPs could minimize toxicity to mammalian cells by avoiding the excess release of AgNP into solution, the potential cytotoxicity of mobile silver nanoparticles (AgNPs, size 1 to 100 nm) remains a major concern in clinical application[@b23][@b24][@b25].

In the biliary tract, the adult human produces about 400 to 800 ml of bile daily. In this aqueous state, the efficacy of a mobile particle or drug-delivery system (e.g., eluting) for antibacterial function may decrease with time. Therefore, immobilization of the particle with antibacterial function in a biliary stent may be essential for the prevention of sludge and biofilm formation.

We hypothesized that a silver particle (Ag-P; fine particle, size 250 nm)-integrated silicone polymer-covered membrane for the immobilization of Ag-P in a covered metal stent may prevent sludge and biofilm formation. Furthermore, the inclusion of Ag-P in the silicone membrane for the entrapment of particles in silicone polymer would likely reduce concerns regarding the release and systemic absorption of Ag-P.

This proof-of-concept *in vitro* and *in vivo* study investigated the efficacy of an Ag-P-integrated, silicone polymer-covered SEMS in terms of preventing or reducing sludge and biofilm formation in a porcine model and the influence on pathological changes and the release of silver ions and systemic absorption.

Materials and Methods
=====================

This animal study was performed in accordance with the rules of the Institutional Animal Care Committee and the National Center of Efficacy Evaluation for the Development of Health Products Targeting Digestive Disorders (NCEED). The Committee on Animal Research at Inha University and the Animal Protection Committee of the Korean Government approved this study. The primary goals of this study were assessment of sludge and biofilm formation and pathological tissue reactivity of an Ag-P-integrated, silicone polymer-covered SEMS compared with a conventional silicone-covered SEMS.

Materials
---------

### Fabrication of an Ag-P-integrated silicone polymer-covered self-expandable metal stent

Ag-P with an average particle size of 250 nm (NP-S250) was purchased from NTbase Co. Ltd. (Seoul, Korea). A silicone polymer including Ag-P was prepared using a silicone dispersion (20% \[w/v\] silicone dispersion in Xylene, MED-6640; NuSil Technology LLC, Carpinteria, CA, USA), diluted from 20% to 13% by adding Xylene. Mixing by 0.1% (w/w) concentration Ag-P in 13% silicone dispersion was performed. Electrospraying of 0.1% (w/w) Ag-P in 13% silicone dispersion with 16 kV, 15 cm of distance, 0.1 mL/min of flow rate, and 500 rpm of rotating drum for Ag-P integrated silicone polymer membrane was performed in bare nitinol wire mesh ([Suppl. Fig. 1](#S1){ref-type="supplementary-material"}). The electrosprayed stent was dried in a 35 °C vacuum oven for 30 min, 75 °C vacuum oven for 60 min, and finally 150 °C vacuum oven for 180 min. According to a cross-sectional image, non-aggregated spherical Ag-P particles were integrated uniformly and distributed homogeneously in and onto the silicone polymer under the nitinol wire mesh, and the dispersive degree of Ag-P integrated into the silicone membrane was characterized by SEM-EDX (HITACHI S-2400) ([Fig. 1](#f1){ref-type="fig"}). The average diameter of the Ag-P was \~250 nm, as determined by SEM. Conventional control stents were ordinary silicone polymer-covered SEMSs not containing Ag-P ([Suppl. Fig. 2](#S1){ref-type="supplementary-material"}).

### Ag-P isolation *in vitro* test with time point

We evaluated Ag-P isolation from silicone polymer containing Ag-P. Each Ag-P integrated silicone polymer-covered SEMS (one SEMS with 3 pieces, per each time point \[n = 5\]) was soaked in a 0.9% (w/v) saline after cutting into 3 pieces in order to increase the surface area of the sample for Ag-P isolation.

The test was separately performed in each sample for 3 h, 6 h, 1 week, 2 weeks, and 4 weeks by shaking in 0.9% saline at 37 °C and 300 rpm. All 3 pieces of SEMS were removed from the saline, and the remaining solution, at the relevant time point, was completely dried in the convection oven at 60 °C. In order to dissolve the isolated Ag-P, nitric acid solution was added. The result was analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (Optima 4300DV; Perkin-Elmer, Norwalk, CT, USA).

### Antimicrobial activity *in vitro* test with time point

The Ag-P integrated silicone membrane was fabricated in the glass petri dish (90 mm in diameter) with equal weight as 5 g of Ag-P integrated silicone polymer and dried in the convection oven at 180 °C for 3 hrs. The final samples were stored in incubation at 60 °C for 97 days, based on the accelerated aging test method.

We evaluated the antimicrobial activity of the Ag-P-integrated silicone polymer at 1 day, and 1, 2, 4, 8, 12, and 24 weeks; a silicone polymer without Ag-P was used as the negative control. *Escherichia coli* and *Klebsiella pneumoniae* were seeded on each plate, either at the initial time or at weekly intervals. The antimicrobial activity test was performed using a JIS Z 2801 (Bioteca Co. Ltd., Palo Alto, CA, USA) as the plate counting method. Antimicrobial activity was calculated as follows: (\[Mb-Mc\]/Mb) × 100 (Mb: proliferated colony forming unit \[CFU\] after incubating condition; Mc: control or test CFU).

### *In vivo* experiments using a porcine model

*In vivo* experiments were performed using 15 (test = 7, control = 7, and negative control = 1) domesticated female mini-pigs with a mean weight of 40 kg (range: 38--42 kg). Before endoscopic procedures, the animals were fasted for 48 h. On the day of the procedure, animals were sedated by an intramuscular injection of tiletamine/zolazepam (Zoletil; 5 mg/kg) and xylazine (Narcoxyl; 2 mg/kg). Anesthesia was administered by intravenous injection (0.1 mg/kg), followed by continuous infusion (4--6 mg/h) of vecuronium. After tracheal intubation, the animals were ventilated with a 1:1 mixture of 1.0--2.0% inspired isoflurane (Ifran®; Hana Pharm Co. Ltd., Seoul, Korea), and oxygen (5--10 mL/kg per min). The animals were placed recumbently on their left sides on a fluoroscopy table. Vital signs were monitored continuously during the procedure. Prophylactic antibiotics were administered 1 day before and after the SEMS insertion. The animals were maintained on their usual diet for 8 weeks following successful stent placement. All animals were euthanized by potassium chloride overdose 8 weeks post-stent insertion.

### Stent placement and follow-up protocol

Following confirmation of biliary dilation 1 week later ([supplementary](#S1){ref-type="supplementary-material"}), randomly numbered pigs underwent endoscopic biliary metal stent (test = 7 and control = 7) deployment through the strictured ampulla of Vater (AV) under fluoroscopy guidance, using a standard duodenoscope (TJF 240; Olympus Optical Co. Ltd., Tokyo, Japan). Following insertion of the SEMSs, the physical status of pigs was monitored daily, and laboratory examinations were performed weekly. The serum Ag level was measured according to a standard protocol. Porcine serum was sampled at 30, 60, and 120 min after stent insertion, and then weekly until pigs were euthanized. Eight weeks after stent insertion, pigs were euthanized and the metal stents harvested for analysis.

Analysis methods
----------------

### Micro-computed tomography (micro-CT) analysis

Imaging at 45 kVp, 88 μA, and 4 W was performed using a micro-CT system (vivaCT 80; Scano Medical AG, Bassersdorf, Switzerland). A standard iodine-based contrast agent (OMNIPAQUE; GE Healthcare, Cork, Ireland) was used in a volume of 100 mL, which contained \~30 g of iodine (300 mg/mL). Micro-CT was performed after treatment of stents with contrast medium and drying in an incubator for 24 h at 36 °C. Then, micro-CT scanning was performed after stent range designation ([Fig. 2A](#f2){ref-type="fig"}). CT images were analyzed after scanning in an appropriate range ([Fig. 2B](#f2){ref-type="fig"})[@b26].

Image analysis
--------------

Stents were dissected longitudinally using an auto surgical blade (Stryker micro dual cut oscillating-sagittal^®^, no. 5400-3-111; Stryker Co., Kalamazoo, MI, USA) and dried in the dark for 24 h at room temperature. Photographs of the stent were obtained using a digital camera (Sony RX100III; Sony Co., Tokyo, Japan). The ratio of dissected internal stent whole area and sludge-stained area was calculated using ImageJ software (ver. 1.48; NIH, Bethesda, MD, USA)[@b27][@b28].

SEM analysis
------------

Biofilm on stents was examined by field-emission scanning electron microscopy (FE-SEM) (S-4700; Hitachi, Tokyo, Japan). This analysis determined the type of bacteria and their spreading pattern on the stent membrane. The stents were washed twice in PBS, and their central portions were cut with scissors along the long axis to a length of 5 × 10 mm. Stents were fixed in 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 for 30 min at 4 °C. Samples were rinsed three times with 0.1 M sodium cacodylate buffer, pH 7.4 for 10 min. After washing, the sample was dehydrated in an ethanol series (50, 70, 80, 90, 95, and 100%) for 20 min each. The stents were critical point-dried using CO~2~, sputter-coated with platinum (Pt), and visualized by FE-SEM[@b29].

Evaluation of biofilm thickness
-------------------------------

The stents were washed twice in PBS, and the silicone polymer was cut at 3 randomly selected positions using scissors. Silicone polymer was fixed in 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 30 min at 4 °C. Samples were rinsed three times with 0.1 M sodium cacodylate buffer, pH 7.4, for 10 min each. After washing, samples were dehydrated in an ethanol series (50, 70, 80, 90, 95, and 100%) for 20 min each and embedded in Spurr's resin. After the resin had hardened, \~1 μm thick sections were cut from sample blocks using a diamond knife and ultramicrotome (Ultracut UCT; Leica, Wetzlar, Germany). The sections were flattened by floating on the surface of water at room temperature, collected on clean microscope slides, and dried on a hotplate at 60 °C. The slides were stained with 2% toluidine blue. All images were acquired using a light microscope. Mean biofilm thickness was calculated from 3 sample blocks (20 positions in each sample section) and evaluated using the ImageJ software.

Serum silver concentration
--------------------------

The serum silver concentration was determined by inductively coupled plasma optical emission spectrometry (ICP-OES) (OPTIMA 8300; Perkin-Elmer) and a microwave (Titan MPS^™^; Perkin-Elmer). The detection limit of this instrument was 0.01 mg/L. The test was performed according to *KS M 0032 (2009): General rules for ICP emission spectrochemical analysis* (K-BIO, Osong Medical Innovation Foundation).

Histopathologic analysis
------------------------

After gross inspection of the harvested biliary tracts, tissues were fixed in formalin for subsequent processing and stained with hematoxylin and eosin (H&E) for histological analysis. The specimens were embedded from the stent to minimize potential artifacts from their removal. Then, 50- to 100-μm sections were obtained \~1 mm apart. Inflammation, necrosis, congestion, neovascularization, fibrosis, and mucous hyperplasia of biliary tissue were estimated from grades 0 to 4 as follows: 0 (*not remarkable*); 1 (*minimal*); 2 (*mild*); 3 (*moderate*); and 4 (*severe*). Pathologic review was performed blindly by an experienced third-party pathologist (Korea Conformity Laboratories).

Eight weeks after deployment of SEMSs, porcine biliary tracts, including the metal stents, were harvested. The sludge and biofilm formation was evaluated by micro-CT, ImageJ, and SEM analysis, and tissue pathology was assessed using the above scoring system.

*In vitro* anti-inflammatory cytokine interleukin (IL)-10 analysis
------------------------------------------------------------------

### Cell culture

RAW264.7 cells were obtained from the American Type Culture Collection (\[ATCC\], Manassas, VA, USA). Cells were cultured in Dulbeco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotic solution (100 units/mL penicillin and 100 μg/mL streptomycin) at 37 °C in a humidified 5% CO~2~ atmosphere. For further analysis, RAW264.7 cells (1 × 10^6^ cells) were cultured for 72 h in a 100 mm culture dish, coated with silicone only, and Ag-particle integrated silicone polymer membrane (0.01%, 0.1%, and 1), respectively.

### Ribonucleic acid (RNA) extraction and reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated using a commercially available kit (Nucleospin RNAII, Macherey-Nagel, Germany), following the manufacturer's instructions. Total 500 ng RNA was reverse-transcribed, and IL-10 and GAPDH transcripts were amplified using an RT-PCR PreMIX Kit (Intron, Inc., Daejon, Korea). The following primer sets were used for RT-PCR: *IL-10* forward, 5′-TAC AGC CGG GAA GAC AAT AAC-3′; *IL-10* reverse, 5′-CAC CTT GGT CTT GGA GCT TAT-3′; *GAPDH* forward, 5′-ACC ACA GTC CAT GCC ATC AC-3′; *GAPDH* reverse, 5′-TCC ACC ACC CTG TTG CTG TA-3′. The PCR reaction was performed in a total volume of 20 μl, and denaturation was run for 35 cycles at 94 °C for 45 sec, annealing at 58 °C for 45 sec, and extension at 72 °C for 1 min, followed by final extension at 72 °C for 5 min.

### Statistical analysis

The results were presented as mean ± standard deviation (SD). The differences in average of data were compared using the Mann-Whitney U test or independent sample t-test. A value of P \< 0.05 was assumed to be statistically significant. All analyses were performed using SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA).

Results
=======

*In vitro* Ag-P isolation test in Ag-P integrated silicone polymer-covered metal stent
--------------------------------------------------------------------------------------

In the Ag-P isolation test with time points (for 3 h, 6 h, 1 week, 2 weeks, and 4 weeks, by shaking in 0.9% saline at 37 °C and 300 rpm), there was no release of silver ions below the detection limit of this instrument in all the samples with an Ag-P integrated silicone polymer-covered metal stent, compared with Ag standard solution (1 and 10 ppm) ([Fig. 3](#f3){ref-type="fig"}).

*In vitro* antibacterial activity
---------------------------------

The antimicrobial activity of silicone polymer with/without Ag-P differed significantly over time. The test group showed 99.9% antimicrobial activity against *E. coli* and *K. pneumoniae* over 24 weeks. In contrast, antimicrobial activity in the control group decreased dramatically after 2 weeks ([Fig. 4A](#f4){ref-type="fig"}). Qualitative analysis also showed significant inhibition of bacterial growth in the test group ([Fig. 4B](#f4){ref-type="fig"}).

*In vivo* sludge formation
--------------------------

Quantitative analysis showed significantly lower sludge formation in the test group. In micro-CT analysis, the total measured mean volume (standard deviation, SD) was 129.96 (36.87) mm^3^ in the test group and 345.90 (81.98) mm^3^ in the control group (P \< 0.01) ([Table 1](#t1){ref-type="table"}; [Fig. 5A,B](#f5){ref-type="fig"}). In ImageJ analysis, the mean (SD) proportion of the total area sludge-stained was 15.5% (14.1) in the test group and 79.7% (28.4) in the control group (P \< 0.01) ([Fig. 5C,D](#f5){ref-type="fig"}).

*In vivo* SEM analysis and evaluation of biofilm thickness
----------------------------------------------------------

To evaluate biofilm formation, the luminal surface of stents was visualized by SEM. The luminal surfaces of stents in the control and test groups were covered with biofilm. Rod-shaped and coccoid bacterial cells could be morphologically distinguished. In the control group, heterogeneous biofilm consisting of both coccoid and rod-shape cells was observed. In contrast, homogeneous biofilm comprising only rod-shaped bacteria was observed in the test group. The mean (SD) biofilm thickness was 3.32 (0.38) μm in the test group and 10.62 (1.15) μm in the control group (P \< 0.01) ([Fig. 6](#f6){ref-type="fig"}).

*In vivo* pathologic analysis
-----------------------------

Tissue reactivity was evaluated in the test, control, and normal control groups. Normal control pigs did not show any significant change in tissue. The bile duct in the test group showed minimal erythematous change around the stent and sludge formation on the covered membrane, compared with the control group ([Fig. 7A](#f7){ref-type="fig"}). The test and control groups showed inflammation, necrosis, congestion, neovascularization, fibrosis, and mild to severe mucous hyperplasia in the bile duct epithelium and subepithelium tissue ([Fig. 7B](#f7){ref-type="fig"}). The total mean score (SD) was 8.43 (1.90) in the test group and 11.33 (2.16) in the control group (P = 0.025; [Fig. 7C](#f7){ref-type="fig"}, [Table 1](#t1){ref-type="table"}).

*In vitro* IL-10 analysis
-------------------------

Increased and dose-dependent expression of IL-10 in silver particle integrated silicone polymer membrane compared with the control groups (a culture dish without surface coat and a dish coated with silicone membrane alone) was shown in mouse RAW264.7 macrophages ([Suppl. Fig. 3](#S1){ref-type="supplementary-material"}).

*In vivo* safety
----------------

Following technically successful metal stent deployment, there was no stent-related mortality during the 8-week study period. No abnormal behavior was detected during daily physical examination. Silver ion was not detected in the serum of all pigs during the follow-up period.

Discussion
==========

Biliary silicone polymer-covered SEMS occlusion is caused by the deposition of biliary sludge or stone formation owing to bacterial adherence and subsequent biofilm formation[@b30]. In their clinical observational study, Kida *et al*.[@b31] reported that the occlusion rate of silicone polymer-covered SEMS due to biliary sludge or stone formation was 37%.

To prevent biofilm formation on silicone polymer-covered SEMSs, several methods have been proposed, including the use of antibiotics to inhibit bacterial adhesion. An *in vitro* study reported a sustained reduction in *E. coli* adherence with prolonged ciprofloxacin perfusion[@b32]. Moreover, ampicillin/sulbactam-treated silicone covered SEMSs showed no biofilm formation *in vitro*[@b30]. Antibiotics may thus prevent bacterial adherence. However, the results of long-term use were disappointing. This may be related to antibiotic resistance and emergence of other gram-positive or anaerobic bacteria species during prolonged use of antibiotics[@b32][@b33][@b34]. To overcome this problem, antibiotic-eluting metal stents have been developed. However, a study of a cefotaxime-eluting silicone-covered SEMS reported no reduction in biofilm formation in a canine model[@b35].

This is the first report of an Ag-P-integrated silicone polymer for the prevention of sludge and biofilm formation and stent-induced tissue inflammation in a covered SEMS. Silver ions have a broad spectrum of antimicrobial activity, although the underlying mechanism is unclear. Cytoplasmic membrane and DNA damage by silver ions are possibilities[@b13][@b14]. In this study, the Ag-P-integrated silicone membrane inhibited the growth of *E*. *coli* and *K*. *pneumoniae* for \>6 months *in vitro* ([Fig. 4](#f4){ref-type="fig"}). Rod-shaped cells were attached to the silicone membrane only in the test group; in the control group, cocci and rods were present on stents. In a previous study, gram negative *E. coli* were more adherent than gram-positive *Enterococcus* in stents. Furthermore, precolonization with *E. coli* facilitated the subsequent attachment of *Enterococcus*[@b36]. Ag-P integrated silicone polymer-covered SEMSs may inhibit the growth of rods and further adhesion of cocci to rods on the silicone membrane, owing to contact-mode action by the Ag-P in silicone polymer-covered membrane. This may reduce sludge and biofilm formation, as confirmed by micro-CT and image analyses.

A silver-coated plastic stent significantly reduced bacterial adherence by 10- to 100-fold in a dose-dependent manner *in vitro*[@b15]. An *in vivo* animal study revealed that coating of a polyurethane stent with silver nanoparticles inhibited bacterial adhesion for 7 days[@b16]. In another study, a silver-coated biliary plastic stent prolonged the unobstructed period, owing to its antibacterial activity[@b17]. These results suggested that coating of plastic stents with silver nanoparticles resulted in the release of nano-silver, which inhibited bacterial growth and prolonged stent patency.

However, plastic stents have a limited working diameter compared with SEMSs. Also, a concern with the use of silver-coated plastic stents in the human biliary system is systemic absorption of silver nanoparticles released into bile. The safety of silver nanoparticle (\<100 nm diameter) accumulation in serum was not proved conclusively in a previous study[@b37]. Ag-P integrated silicone polymer-covered SEMS by the entrapment of particles in the silicone polymer may have an effect on the immobilization of Ag-P. This may prevent the systemic absorption of Ag-P. In our *in vivo* study, Ag-P particles were not detected in serum, and our *in vitro* results with an aggressive isolation test (3 h, 6 h, 1 week, 2 weeks, and 4 weeks, by shaking in 0.9% saline at 37 °C and 300 rpm in 3 cut pieces of Ag-P integrated silicone polymer-covered SEMS) showed no definite release of silver ions from Ag-P integrated silicone polymer. This condition simulating the crack in the silicone covering membrane in human bile over time may also support the durability and safety of the Ag-P-integrated silicone polymer-covering membrane with time.

Our findings suggest another benefit regarding stent-related inflammation of the bile duct. Stent-related ductal strictures or tissue hyperplasia following removal of silicone-covered SEMSs are an important issue[@b38][@b39][@b40]. This stent-induced ductal change and epithelial hyperplasia may be related to the ischemic change by excessive outward radial pressure of the SEMS and the damage to the silicone membrane during stent deployment or stent expansion through folding[@b40]. To evaluate stent-related tissue change, we assessed inflammation, necrosis, congestion, neovascularization, fibrosis, and mucosal hyperplasia of the bile duct. The tissue hyperplasia, neovascularization, and fibrosis scores were significantly lower in the test group than in the control group. The total pathological tissue score was also significantly lower in the test group. Thus, the Ag-P-integrated silicone polymer membrane did not increase reactive tissue changes compared to a conventional silicone polymer membrane. Because silicone covered SEMS in the control group was similar to conventional silicone covered SEMS in terms of material properties, SEMS in the test group may have an improved biocompatibility between the stent and surrounding tissue compared with the biocompatibility of conventional silicone covered SEMS.

In *in vitro* analysis, increased and dose-dependent expression of interleukin (IL)-10 in silver particle integrated silicone polymer membrane compared with control groups was found ([Suppl. Fig. 3](#S1){ref-type="supplementary-material"}). This result suggests that the increased activity of IL-10 have a role in the anti-inflammatory effect of silver particle integrated silicone polymer membrane, even though the immobilization of silver in silicone polymer and the lack of release of silver ions.

Further study of the anti-inflammatory of Ag-P integrated silicone-covered SEMSs in various organs---such as the ureter, pancreatic ducts, esophagus, or vascular system---is warranted. Moreover, the integration of other biocompatible metal particles (e.g., copper) in the silicone polymer of a SEMS as the method of the immobilization of metal particles in silicone polymer with the lack of relsease of metal particle may be evaluated for long-term antimicrobial activity.

Ag-P integrated silicone polymer-covered SEMS resulted in reduced sludge and biofilm formation and stent-induced tissue inflammation compared with a conventional silicone-covered SEMS in a porcine model. These characteristics may lead to the prolongation of stent patency in malignant biliary obstruction and reduce the risk of cholangitis, which requires frequent reintervention. Given our favorable preclinical data, further human clinical trials comparing this novel covered and conventional covered SEMS may be encouraged.
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![FE-SEM (field emission scanning electron microscope) image & EDX (energy dispersive X-ray spectra) analysis of Ag-P integrated silicone polymer membrane.\
The SEM image showed a uniformly distributed degree of Ag-P integrated into the silicone polymer membrane. The atomic percent of Ag was investigated with EDX, and the results were detected for Ag atomic element in the silicone membrane, respectively. (Magnification: x5K, x20K, and x30K).](srep35446-f1){#f1}

![Micro-computed tomography (micro-CT) was performed after treatment of stents with contrast medium and drying in an incubator for 24 h at 36 °C.\
First, scanning was performed after stent range designation (**A**); then, CT images were analyzed after scanning in the relevant range (**B**).](srep35446-f2){#f2}

![Ag-P isolation over time.\
The test was performed after 3 and 6 h, and 1, 2, and 4 weeks in 0.9% saline at 37 °C with shaking at 300 rpm. Compared with Ag standard solution (1 and 10 ppm), there was no release of silver ions detected below the detection limit of this instrument in all the samples with Ag-P integrated silicone polymer-covered metal stents.](srep35446-f3){#f3}

![Antimicrobial activity over time.\
Antimicrobial activity of stents in the test and control groups was evaluated at 1 day, and 1, 2, 4, 8, 12, and 24 weeks, after placement. The test was performed by seeding at the initial time only or at weekly intervals. The result showed a significant difference in antimicrobial activity over time in the silicone polymer membranes with and without Ag-P. The test group showed 99.9% antimicrobial activity against *E. coli* and *K. pneumoniae* over 24 weeks. In contrast, antimicrobial activity was decreased dramatically after 2 weeks in the control group (**A**). Images for inoculation of culture media also showed marked antibacterial activity in the test group (**B**).](srep35446-f4){#f4}

![(**A**) Quantitative sludge analysis by micro-CT. The test group exhibited a significantly lower total sludge volume than the control group (P \< 0.01). (**B**) Total sludge volume in the test and control groups measured by micro-CT. The value (95.20 mm^3^) of the test group (AM-15, no. 5 in [Table 1](#t1){ref-type="table"}) was significantly lower than that (301.38 mm^3^) of the control group (AM-10, no. 4 in [Table 1](#t1){ref-type="table"}) (average P = 0.001). (**C**) Quantitative sludge analysis using ImageJ software. The test group exhibited a significantly lower percentage of sludge formation than the control group (P \< 0.01). (**D**) Sludge quantitative analysis. Proportion of sludge formation in the test and control groups is shown. The value (5.3%) of the test group (AM-15) was significantly lower than that (41.0%) of the control group (AM-10) (average P \< 0.01).](srep35446-f5){#f5}

![SEM and light microscopy images of biofilm on the inner surface of 6 stents.\
SEM images of biofilm on 3 stents in the control (**A--C**) and test (**D--F**) groups (original magnification, ×6,000; bar = 2 μm). Biofilm was attached to the silicone membrane (\*). Control group stents exhibited heterogeneous biofilm consisting of both spherical (diameter 2.0 ± 0.28 μm) and rod-shaped bacteria, and showed two biofilm patterns. One comprised a layer of spherical bacteria beneath a layer of rod-shaped bacteria (**B,C**). The second comprised spherical bacteria among the rod-shaped bacteria (**A**). In the test group, homogeneous and amorphous biofilm comprising only rod-shaped bacteria was observed. Light micrographs are cross-sectional views of the silicone membrane and biofilm (original magnification × 400, bar = 10 μm). Black arrow indicates spherical bacteria (**B,C**). Mean (SD) biofilm thickness was 3.32 (0.38) μm in the test group and 10.62 (1.15) μm in the control group (P \< 0.01).](srep35446-f6){#f6}

![Pathological analysis.\
(**A**) Gross findings. Compared with the negative control, the test tissue sample showed mild erythematous mucosal change and a normal SEMS configuration. In the control group, more severe erythematous change and bile-clogged membrane stent were noted. (**B**) Microscopic findings. The test group showed minimal mucosal hyperplasia (MH), necrosis (arrow), inflammation (I), and congestion (C) (left; HE stain, ×100). The control group showed remarkable mucosal hyperplasia with mucous secretion (M), fibrosis (F), and inflammation (I) (right; HE stain, ×100 and ×40 in the right upper panel). (**C**) Total pathology score was significantly lower in the test group.](srep35446-f7){#f7}

###### Histopathological scores of the porcine biliary tract mucosa.

  Score, mean ± SD          Test         Control      *P* value
  --------------------- ------------- -------------- -----------
  Inflammation           1.14 ± 0.38   1.17 ± 0.41      0.915
  Necrosis               1.43 ± 1.13   1.33 ± 1.03      0.878
  Congestion             0.29 ± 0.49   0.67 ± 0.52      0.199
  Neovascularization     1.57 ± 0.53   2.50 ± 0.55      0.010
  Fibrosis               1.71 ± 0.49   2.50 ± 0.55      0.019
  Mucosal hyperplasia    2.29 ± 0.49   3.17 ± 0.41      0.005
  Total scores           8.43 ± 1.90   11.33 ± 2.16     0.025

SD, standard deviation.

[^1]: These authors contributed equally to this work.
